The interaction of photons with metallic nanoparticles and nanoantennas yields large enhancement and tight localization of electromagnetic fields in the vicinity of nanoparticles. In the first part of this study, the interaction of a spherical nanoparticle with focused beams of various angular spectra is investigated. This study demonstrates that the focused light can be utilized to manipulate the near-field radiation around nanoparticles. In the second part of this study, the interaction between linearly and radially polarized focused light with prolate spheroidal nanoparticles and nano-antennas is investigated. Strong and tightly localized longitudinal components of a radially polarized focused beam can excite strong plasmon modes on elongated nanoparticles such as prolate spheroids. The effect of a focused beam on parameters such as the numerical aperture of a beam and the wavelength of incident light, as well as particle geometry and composition are also studied.
INTRODUCTION
The interaction of photons with metallic nanoparticles and nanoantennas is important to a number of emerging nanotechnology applications due to the large enhancement and tight localization of electromagnetic fields in the vicinity of nanoparticles and nanoantennas. This interaction has potential applications at the nanoscale, including near-field scanning optical microscopy [1] , optical [2] and magneto-optical [3] high-density data storage, nano-lithography [ 4] , bio-chemical sensing [5] , nanoparticle-tweezers [6] , and plasmonic solar cells [7] . The plasmon resonance of metallic nanoparticles is a well-studied field [8] [9] . The effects of the wavelength, the surrounding medium, the composition, and the shape of the nanoparticle have been investigated in detail [10] [11] .
Although experimental studies in the literature have used both collimated and focused beams to excite surface plasmons [12] [13] [14] [15] [16] [17] , until recently the analytical and numerical models in the literature have only used simple plane waves to analyze this interaction. Recently, there has been increasing interest in understanding the interaction of a focused beam of light with a nanoparticle using both numerical and analytical techniques. Numerical techniques based on finite difference time-domain [18] and finite element method [19] , as well as analytical techniques based on generalized Mie theory have been used [19] [20] [21] [22] [23] to analyze the interaction of a focused beam with a nanoparticle. Focused beam models have also been utilized for other nanostructures, such as nanowaveguides for potential utilization in high density data storage [24] . In a more recent study Mojarad et al. [25] used a radially polarized focused beam to tailor the localized surface plasmon spectra of nanoparticles.
In this study, we investigate the effect of the angular spectrum of a focused beam of light on the near-field radiation from spherical nanoparticles, prolate spheroidal nanoparticles, and dipole nano antennas. Focused beams with various angular specta are utilized in this study.
SPHERICAL NANOPARTICLES
To analyze the effect of the angular spectrum on the near-field radiation from a spherical nanoparticle, a silver nanoparticle is illuminated using a focused beam of light with small and large α. The focused beam propagates in the z-direction and is polarized in the x-direction. In Fig. 1 , the electric field is computed at various wavelengths on the x-z cut-plane for a silver sphere with a 250 nm radius. The field distributions in Fig. 1 are normalized to the value of the incident intensity at the focus. At each wavelength, the field distribution E x (x,0,z) and E z (x,0,z) is plotted for α =5° and α =60°. A comparison of Figs. 1 (a) and (d) suggests that the field distribution at λ=400 nm for α =5° shows a significant difference compared to the results of α =60°. In Figs. 1 (a)-(f), deviations are observed at other wavelengths as well. The E y component is negligible for the solutions. The impact of altering the angular spectrum is more drastic for the E z component, as shown in Figs. 1 (g)-(l). For example, when the angular spectrum is narrowly distributed along the direction of propagation, as shown in Fig. 1 (i) , two stronger lobes are observed at the back of the spherical particle. As α is increased, and therefore the angular spectrum is widened, the stronger lobes are moved from the back of the particle to the front of the particle, as shown in Fig. 1 (l). This was achieved without changing the frequency, geometry, or composition of the particle. Suppressing strong near-field radiation lobes and enhancing weaker radiation lobes is possible by altering the angular spectrum. 
PROLATE SPHEROIDAL NANOPARTICLES
In this section, the impact of the angular spectrum distribution of the incident radially polarized beam on the near-field radiation of spheroidal nanoparticles is studied. In Fig. 2 (a) , a schematic illustration of a prolate spheriodal nanoparticle and the incident radially polarized focused beam is provided. In Fig. 2 (b) , the total intensity profile is plotted on the x-z plane, which passes through the center of a gold prolate spheroid particle with a major/minor axis ratio of 5. In Fig. 3 , |E| 2 distributions for a gold prolate spheroid are given for various half-beam angles. In this figure, the prolate spheroids are illuminated with a radially focused beam with half-beam angles α=15°, α=30°, α=45°, and α=60°. The field distributions in Figs. 2 and 3 are normalized to the value of the incident intensity at the focus. The results suggest that the electric field distribution does not change as the half-beam angle is increased. The amplitude of the nearfield electric field distribution, however, increases as the half-beam angle is increased. The angular spectrum of the incident beam is tight for α=15°, becoming wider as the half beam angle is increased. Therefore, the incident wave amplitude onto the particle increases as the half-beam angle increases. As a result of increasing the incident field amplitude, the scattered field amplitude also increases, as shown in Fig. 3 . 2 distribution on the x-z cut plane for a gold prolate spheroid particle of major axis radius of 100 nm and a major/minor axis ratio of 5 illuminated with a radially polarized focused light at λ =700 nm. Figure 4 illustrates the focused incident |E i | 2 distributions onto the dipole nano-antennas. The fields are plotted at the focal plane x-y for various half-beam angles. For small α, the field distribution is similar to that of a plane wave. As the α increases, the beam becomes more tightly focused. In Fig. 5 , the total |E t | 2 distribution for a dipole antenna is shown on the x-z cut-plane plane when it is illuminated with the focused beams shown in Fig. 4 . For this particular simulation, the sizes of the antenna are L= 110, T= 20, W= 20, and G= 20 nm. In this simulation, the incident focused beam is polarized in the x-direction, and propagates in the negative zdirection. The wavelength of the incident light is 850 nm. The antenna is placed at the focus of the incident beam, which is also the global origin for the simulations. The peak value of the graphs in Fig. 5 represents the intensity enhancement, which is defined as
NANOANTENNAS
In other words, total intensity |E t | 2 at the antenna gap center is normalized to the value of the incident intensity |E i | 2 at the focus. The results in Fig. 5 show a confined electric field close to the gap region of the antenna. Also, a large electric field enhancement is observed for all the half-beam angle values α. The intensity enhancement at the center of the antenna is about 1200 for small α. The intensity enhancement slowly reduces to 1100 as α is increased.
The results in Fig. 5 indicate that the contribution from the rays with large incident angles is less than the contribution from the rays with small incident angles. To provide further evidence for this observation, the incident beam is separated into angular spectral bands. The contribution from each spectral band is then calculated separately. To achieve this, the incident beam is passed through an angular band-pass filter as shown in Fig. 6 . The filter supresses the θ<θ min and θ>θ max part of the angular spectrum. In this calculation, spectral bands with 5° intervals are considered, which corresponds to θ min = θ min+ 5°. Intensity enhancement is plotted as a function of θ min in Fig. 7 . The results suggest that the intensity enhancement due to rays with large incident angles is less than the intensity enhancement from the rays with small incident angles.
As we mentioned above, the results in Fig. 5 indicates that the intensity enhancement is almost preserved as α increases. The output power, however, not only depends on the intensity enhancement but also on the intensity of the incident focused beam. As shown in Fig. 8 , the intensity of the incident focused beam |E i (0,0,0)| 2 increases with increasing α. The incident beam becomes more tightly focused with increasing α, which increases the incident electric field intensity, as shown in Fig. 8 . As a result, the output intensity increases with increasing α. This suggests that significant gains can be achieved by increasing the α, despite a small reduction in the transmission efficiency. 
CONCLUSIONS
In summary, it has been demonstrated that the near-field radiation from a spherical particle can be manipulated by adjusting the angular spectrum of an incident focused beam. On the other hand, for prolate spheroids the electric field distribution does not change as the halfbeam angle is increased. The amplitude of the near-field electric field distribution, however, increases as the half-beam angle is increased. For nano-antennas the intensity enhancement is almost preserved as α increases. For more tightly focused beams, the output intensity increases with increasing α. This suggests that for nano-antennas, significant gains can be achieved by increasing the α despite a small reduction in the transmission efficiency.
